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a b s t r a c t
Given the international efforts in tackling climate change as well as the potential dependence on
conventional energy imports and the adverse economic environment, countries in the European Union
face significant challenges in the critical task of enhancing energy efficiency. Approaches exclusively
oriented on detailed quantitative modelling tools like energy system and climate-economy models,
however, tend to exclude certain policy instruments and risks, and be too formalised or complex for
policymakers to participate, understand and trust. Several decision support frameworks have been
proposed for bridging the policy-model gap and helping policymakers confidently select among a number
of alternative strategies. This paper employs the expert-driven method of fuzzy cognitive mapping, a
semi-quantitative modelling technique in which system dynamics are captured and simulated against
different scenarios. To this end, an innovative decision support tool for building and simulating complex
fuzzy cognitive maps for assessing policy strategies with the help of experts, ESQAPE, is introduced and
presented. An application in Greece shows that long-term energy efficiency measures focusing mainly on
behavioural change in the residential sector – as opposed to services in the private and public sectors –
are perceived to be more sustainable in a socio-economically optimistic future; this is not the case when
challenges across the mitigation and adaptation axes are expected to be higher.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
In order to benefit end-users in terms of utility bill costs, as
well as contribute to the mitigation of greenhouse gas emissions
and enhance security of energy supply, competitiveness, economic
sustainability and job creation, the EuropeanUnion (EU) at an early
stage set out specific directions on energy efficiency. In this con-
text, the near-term goal of achieving a 20% savings in primary en-
ergy consumption by 2020was set, towards laying the groundwork
for more savings beyond 2020 (2012/27/EC). In November 2016,
the European Commission suggested that this policy direction be
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reinforced, and accordingly upgraded the goal to 30% by 2030. In
order to better supervise and secure progress in achieving such
targets, it was deemed that national commitments and respective
mechanisms must be updated. In this direction, Member States
were requested to submit national energy efficiency action plans
(NEEAPs), covering significant energy efficiency measures and es-
timates for expected and achieved energy savings.
Despite breaking down the target in intermediate periods and
providing guidance, many countries currently face challenges in
meeting their national targets [1]. An indicative example can be
found in the case of Greece, where the third NEEAP was submitted
in December 2014 (following those in 2008 and 2011), as the
first national action plan in respect to this Directive. The 2020
national energy efficiency target (at 20% savings) was set at 18.4
MTOEof final energy consumption, at 24.7MTOEof primary energy
consumption, and at 0.081 and 0.109 kTOE/e of energy intensity
https://doi.org/10.1016/j.asoc.2018.12.015
1568-4946/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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respectively. The intermediate periods established for supervising
progress and adjusting the policy framework were: (a) 2014–
2015, with the intermediate cumulative target of 300.7 kTOE (3.5
TWh) saved, and (b) 2016–2018, with the intermediate cumulative
target of 1768.9 kTOE (19.5 TWh) saved [2]. Although on track
to meeting its 20% energy efficiency goals, Greece lags behind its
goals in respect to achieving new savings of 1.5% of the annual
energy sales to final consumers every year by 2020. According to
the results submitted in the annual progress report for 2015, a
negative divergence of 36% was identified. As a result, additional
mitigation efforts were needed to realign progress with the out-
lined objectives, including the reconstruction of the optimal policy
strategy,without disregarding the available budget constraints and
taking into consideration the associated implementation risks and
uncertainties. The subsequent (and final) NEEAP [3] identified yet
another significant gap between the 2020 target and the actually
achieved savings as a result of successfully implementing the pro-
posed policy measures. Even more importantly, it also highlighted
the financial and technical constraints hindering the success of
the originally envisaged achievements in line with EU’s directives,
which were largely overlooked or unforeseen when designing the
measures.
It is evident that, like other European countries, Greece has had
a poor start in its energy efficiency efforts, especially given the
recent upgrade of the Community’s policy direction to 2030 and
the visions for long-term decarbonisation pathways. At the same
time, the country’s energy sector still remains largely dependent
on fossil fuels, most of which are imported from abroad, making
primary energy supply in Greece themost carbon-intensive among
the country members of the International Energy Agency [4]. One
of the main reasons behind failing to accomplish the energy ef-
ficiency targets lies in the ongoing adverse economic environ-
ment [5], which combined with limited awareness can signifi-
cantly hinder funding, incentivising and uptake of energy effi-
ciency measures [6]. These observations further stress the need
to employ scientific processes that, in light of the implementation
risks potentially jeopardising the policy framework, can substitute
complexity and data unavailability with human knowledge and
expertise, and help assess uncertainties and other critical aspects
that are usually hard to include in strictly formalised quantitative
systems modelling frameworks.
The latter, however, have been broadly used by the scientific
community, in support of energy and climate policy design, in-
cluding energy system models and integrated assessment mod-
els. Apart from only indirectly translating policy instruments into
these frameworks and overlooking critical policy implementation
risks, these scientific processes are significantly complex for poli-
cymakers to participate in or understand, and therefore eventually
trust and make use of the modelling results. As a result, there
emerges a critical gap at the science-policy interface, between
formal representation, including the models and their processing
procedures, and real-life context, in which actual decisions are
taken and policies are formulated [7]. In this direction, a diverse
variety of decision support methods and tools are increasingly
being employed towards bridging this gap between modellers and
the policymaking community.
Fuzzy cognitive maps (FCMs) constitute one of these tools.
Several studies have employed FCMs for electricity planning [8–
11], renewable energy [e.g. 12–15], transportation [16–18], or en-
vironmental policy [e.g. 19–21], but only a small minority has
tackled energy efficiency issues. However, even energy efficiency-
related studies usually limit their scope to studying autonomous
building behaviour [e.g. 22,23], instead of assessing a broad energy
efficiency policy framework.
The aim of this paper, therefore, is to develop an expert system
for assessing the potential of specific long-term energy efficiency
measures, drawn from the proposed framework included in the na-
tional action plans, as parts of distinct policy strategies and in light
of themost critical implementation risks, bymeans of FCMs. To this
end, a software application is developed in MATLAB, allowing the
analyst to easily design FCMmodels, make use of novel approaches
in the literature, and visually supervise the modelled systems. In a
pilot application inGreece and driven by expert knowledge elicited
in a national stakeholder workshop held in Athens, the proposed
FCM framework and tool are used towards drawing fruitful policy
recommendations regarding the enhancement of energy efficiency
in the country.
The paper is structured as follows: Section 2 describes themain
concepts and principles of fuzzy cognitive mapping and presents
the proposedmethodological framework; while Section 3 presents
the developed expert-driven, semi-quantitative modelling tool for
policy evaluation, ESQAPE. Section 4 describes every step of the
application of the methodological framework in Greece and dis-
cusses the findings, also drawing relevant conclusions with energy
efficiency policy implications; while Section 5 draws conclusions,
from both an empirical and a methodological point of view, and
proposes future prospects for the study and the presented decision
support tool.
2. Methods and tools
2.1. Fuzzy cognitive mapping
Cognitive mapping can be defined as the purely qualitative,
graphical representation of a system,with every node representing
a concept in the system and every arc representing the perceived
interconnections between the concepts. Cognitive maps can work,
among others, as a tool for experts to express and enhance their
knowledge on a specific problem domain, by assessing the influ-
ence, causality and dynamics within the system [24].
Fuzzy Cognitive Mapping is a method that builds on cognitive
maps and additionally employs computational processes used in
artificial neural networks. It is a semi-quantitativemodelling tech-
nique, which represents the assumptions concerning a particular
issue in diagrammatic format [25], thus allowing for ad-hoc struc-
ture [26] and unbound freedom.
Taking the above mentioned a step further, it was realised
that causal relations between two concepts come with obscurity
(fuzziness); as [27] notes, causality admits of vague degrees and
may occur partially, sometimes, very little, more, less, usually, etc.
FCMs quantified these fuzzy causal relations by adding a causal
weight on the connecting arc, thus explaining the strength and di-
rection (positive/negative) of the relations. These weighted values
comprise the weight matrix of the FCM. The entries of this matrix
can be of any numerical value within the interval [-1,1]. A link
weight between concepts Ci and Cj takes a value in the interval
(0,1], if there is a causal connection from concept Ci to concept
Cj and a positive change in concept Ci leads to an increase in the
value of concept Cj. Otherwise, the link weight takes a value in the
interval [-1,0), if a positive change in concept Ci leads to a decrease
in concept Cj.
After the design of the FCM,which is usually carried outwith the
help of stakeholders, causality is traced through simulations [28],
driven by different scenarios as shocks to the system. In order to
capture this causal propagation, a simulation driver function and
a transfer function are employed. These simulations can converge
to a fixed point, or lead to an undesired outcome [29], depending
on the model structure, the link weights and the initial state
vector. The analysis then stress-tests the system under multiple
what-if scenarios by changing one of the above-mentioned di-
mensions at a time. Usually stakeholders are asked to help design
the structure and defined the link weights, therefore the analysis
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Fig. 1. Proposed methodological framework.
includes changes to the initial state vector alone (i.e. by introducing
different scenarios). The results of the comparisons between the
different scenarios can support the decision-making process [30].
In this study, despite the broader respective capacity of ESQAPE
described in Section 3, two activation functions are used. The first
one calculates the valueA(t)j of a concept Cj at the end of an iteration
t as the sum of its value A(t−1)j at the beginning of the iteration and
the contributions of its causal concepts A(t−1)i wij at the beginning
of the iteration:




A(t−1)i wij + A(t−1)j ) (1)
The second one is based on [31] and translates each iteration
into a specific time period and assigned a time delay (or lag) to
each causal relationship:






i wij + A(t−1)j ) (2)
Finally, the hyperbolic tangent function is used as a threshold
function squashing all values at the end of each iteration into the
desired interval.
2.2. Methodological framework
The proposed methodological framework is displayed in Fig. 1.
It begins with the identification of long-term energy efficiency
measures proposed in the national energy efficiency action plan
and the development of specific strategies, i.e. focusedpolicymixes
comprising thesemeasures activated (funded) at different levels in
[−1, 1], for the purposes of the FCM exercise. Key implementation
risks are then identified by means of literature review or prelim-
inary stakeholder engagement, which are then used to compose
different socio-economic scenarios. In this study, the quantifica-
tion of the scenario risks in [1,1] also suggests that the value of each
risk be qualitativelymatchedwith the description of the respective
socioeconomic factors comprising the five Shared Socioeconomic
Pathways [32], which are extensively used in energy and climate
modelling studies. By engaging stakeholders, the FCM model is
designed and the cause-and-effect weights of the identified in-
terlinkages are determined. Finally, the policy instruments and
risks composing the policy mixes and scenarios, respectively, are
used to drive the FCM simulations, leading to specific policy rec-
ommendations, regarding the effectiveness of each policy strategy
against each of the five socioeconomic scenarios. Here, a step-by-
step implementation of this process is carried out and presented in
Section 4.4.
3. Software implementation: the ESQAPE system
Expertise-driven Semi-Quantitative Analysis for Policy Evalua-
tion, or ESQAPE, is a MATLAB-based application for the creation,
editing, visualisation and iterative convergence of FCMs, and is
free and open source software under a permissive BSD license. The
reasons behind choosing MATLAB as the implementation platform
lie in its advantages, including the capability for rapid prototyping
of applications as well as its rich set of available input/output
(I/O), Graphical User Interface (GUI), computation andvisualisation
libraries.
In the broader FCM literature, there exist multiple software
solutions for designing and simulating FCMs. From the early start,
when GUI and visualisation capacity was limited, researchers fo-
cused on introducing learning algorithms to adjust the FCMweight
set, as in FCM Modeler [33]. Similar capabilities were included
in modern, more advanced in terms of graphics tools, such as
the FCM Tool [34], which was developed in Java for designing
complex models, ISEMK [35] and FCM Expert [36]. Other tools,
however, focused on the selection of the transfer function and
inference or stop rules, such as FCM-Analyst [37] and FCM De-
signer [38], without including FCMoptimisation and learning tech-
niques. Despite its simulation limitations, Mental Modeler [39]
was the first FCM design application tailored to the needs of non-
experts and featuring a user-friendly, web-based interface. Finally,
De Franciscis [40] emphasised reusability, by creating JFCM, a Java
library with the capacity to load networks from XML files, but
which required technical knowledge and coding skills. ESQAPE
features no learning algorithms for adjusting the weights of the
fuzzy cognitivemap, since it is aimed at policy analysis by using the
extracted knowledge, i.e. the cognitive part of the process, as the
driving force of the FCM simulations. However, it borrows desired
novelties from all reviewed applications as well as introduces new,
by featuring, as discussed in detail below:
• a user-friendly GUI for both experts and non-experts;
• portability and reusability, through importing and exporting
different file types for storing FCM structure and data;
• extensive capabilities of configuring and parameterising the
FCM, including the selection among activation and transfer
functions, and configuration of the number of iterations as a
stopping rule;
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• the capacity to define the policy and scenario concepts, which
remain constant drivers of the simulations;
• one particular representation of the notion of time;
• enhanced visualisation with both a built-in visualisation ca-
pacity and the capacity to export standardised graph mod-
elling language files;
• enhanced result reporting and analysis capacity; and
• the ability to interchange between the structured and visual
formats.
Parts of the functionality code and the user interface of ESQAPE
are inspired by or based on two previous open source applications
available in the literature, namely MATISE (Mapping Tool for Inno-
vation Systems Evaluation) developed by Nikas et al. [41], and the
FCM tool developed by Papaioannou et al. [42].
The basic use case of the application involves three basic ele-
ments: the FCM model input, where the user creates or imports
an FCM model to the application and edits its structure and pa-
rameters; the simulation of the model and network convergence,
in which the application simulates the interaction between FCM
concept nodes iteratively until the network has stabilised, a loop
state appears (an oscillating ‘‘cycle’’), or the maximum number of
iterations is reached; and the results output, in which the results
are exported in a data file or in graphical form. The three main
functions are reflected in the logical architecture of the application
and its interactions with the user, as illustrated in Fig. 2.
On the input side, the users can import specially formatted
.xslx or .gml files (generated from editing applications such as
Microsoft Excel and the yEd graph editor1) into the FCM Model
Editor. This flow is bi-directional: any (valid) model in the Model
Editor can be exported as a compatible spreadsheet or graph file.
The Model Editor can also be used to create new models entirely
within the ESQAPE application. Themodel parameters can be saved
in a formatted MATLAB file (.mat), and restored at a later time.
The model is run through the FCM Simulation Engine, which
provides a set of ‘‘Convergence Results’’, i.e. the concept values of
a stable or oscillating FCM. The results of the simulation process
can then be visualised in the application and exported to a new
spreadsheet file. The user can also choose to transfer some (or all)
of the final concept values to the starting model, e.g. in order to
re-run the simulation.
The application provides its functionality via a GUI. The main
interface composed of two main panes, namely the Model Editor
and the Results panes, complemented by a menu bar and a set of
specialised popups.
This architecture, organised according to the standard n-tier
software application paradigm, is illustrated in Fig. 3.
The ESQAPE Model Editor pane contains tools and interface
elements for editing the ESQAPEmodel (either a newmodel or one
imported from a file). Users can add or remove concept groupings,
as well as add, remove or rename concepts and assign concepts
to groupings. For each concept, the application allows the user
to edit the initial concept values, as well as the weight and the
time delay matrix directly in the application (Fig. 4). The pane is
subdivided in four segments: Groupings, where the concepts of
the FCM model can be assigned to specific groups, or no group at
all, in order to facilitate the conceptual organisation of the model
and its visualisation in graph form; Concepts, in which the Model
Editor displays a list of the concepts in the FCM model, according
to the selection in the ‘‘Groupings’’ list, and users can add and
modify concepts through an appropriate interface (Fig. 5); Starting
Concept Values, in which a list displays the starting values of the
concepts used for the convergence of the FCM network, and the
user can assign initial values or choose whether the value will
1 https://www.yworks.com/products/yed.
remain constant or vary during the simulation; andWeights/Delays,
where the two types of correlations between the concepts in the
FCM map, the weights and time delays of the influences between
concepts, are displayed.
It should be noted that defining the type of each concept, among
constant or variable, is of critical importance in fuzzy cognitive
mapping andusually overlooked in the literature: due to the nature
of the threshold functions, failing to define whether a concept
represents a policy or scenario driver and thus a constant may lead
to identical results regardless of the starting values of said concept.
Furthermore, weights indicate the magnitude of the positive or
negative influence of the concept values on each other, as a decimal
value ranging from −1 to 1, while time delays correspond to the
delay of the influence in terms of simulation iterations. For exam-
ple a value of ‘‘1’’ means that the influence is exerted in the next
simulation iteration, a value of ‘‘2’’ corresponds to a two-iteration
delay, etc. The time delay functionality is based on the activation
function developed by [31], who highlighted the importance of
considering the time dimension, when evaluating the perceived
impacts of policy shocks upon a system, especially in the climate
policy domain.
The application can also generate a visualisation of the FCM
graph in the Model Editor, as illustrated in Fig. 6.
The ESQAPE tool uses a set of graphical conventions to fa-
cilitate the comprehension of the cognitive map. Sender concept
nodes, with outgoing but no incoming influences, correspond to
green trapezia; ordinary concept nodes, with both outgoing and
incoming influences, correspond to red rectangles; and receiver
concept nodes, with incoming but no outgoing influences, are rep-
resented by blue inverted trapezia. Positive influences are orange
lines, while negative influences are blue lines. The line weight
corresponds to themagnitude of the influence between nodes. The
shapes, colours and line styles were selected in order to maximise
clarity and accessibility.
In addition to the visualisation function, the application can
calculate a set of statistical indices based on the properties of the
graph structure (Fig. 7); these graph theory indices provide a useful
way to analyse the structure and complexity of amap [43]. For each
node, the application can calculate the indegree of a concept, as the
sum of the absolute weights of the incoming FCM graph edges;
the outdegree of a concept, as the sum of the absolute weights of
the outgoing FCM graph edges; and the centrality of a concept, as
the sum of its outdegree and indegree. For the entire FCM, the
application can display:
• the number of concepts (N) and the number of links (L);
• the density of the map (D = L/N2);
• the number of sender, ordinary and receiver concepts; and
• themap complexity as the ratio of receiver to sender concepts
(assuming there is at least one sender).
Models can be exported and imported as spreadsheets or graph
files. These include specially formatted Microsoft Excel (.xls and
.xlsx) or Graph Modelling Language (.gml) files, which can be
edited in third-party applications. Additionally, the ESQAPE tool
can save and restore the model workspace as MATLAB (.mat) files.
The simulated values of the concepts are calculated in two
stages, the ‘‘Driver’’ stage and the ‘‘Transfer’’ stage.
In the ‘‘Driver’’ stage, the value of the concept is calculated,
taking into account the previous value (the ‘‘activation level’’) and
the influence of other linked concepts, depending on the Driver
function selected:
• ‘‘A = A*W’’: the value of a concept is the sum of the values of
concepts from which there is an influence, multiplied by the
weight of each influence (as declared in the weights matrix).
This driver function assumes that there is no ‘‘memory’’ of the
previous value of each concept, which is calculated indepen-
dently on each iteration.
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Fig. 2. Application logical architecture, boundary and main data flows.
Fig. 3. ESQAPE application software architecture.
• ‘‘A = A+ A*W’’: the value of a concept is the previous concept
value plus the sumof the values of concepts fromwhich there
is an influence, multiplied by the weight of each influence (as
declared in the weights matrix).
In the ‘‘Transfer’’ stage, the calculated value of the concept is
‘‘normalised’’ depending on the transfer function selected:
• ‘‘Sigmoid’’: an ‘‘S’’ shaped function is used to compress values
from the interval (−∞,∞) to the interval [0,1].
• ‘‘Tanh’’: The new value is the hyperbolic tangent of the previ-
ous value.
• ‘‘Bivalent’’: If the calculated concept value is equal or less than
zero, it is assigned a value of 0. If the value is greater than 0,
it is assigned a value of 1.
• ‘‘Trivalent’’: The calculated concept value is assigned a value
of −1, 0 or 1, if it is calculated equal or less than −0.5, be-
tween−0.5 and 0.5, or equal or greater than 0.5 respectively.
• ‘‘None’’: No normalisation is applied.
In this process, time delays correspond to the time offset of influ-
ences from one concept to another. Normally, a time delay of one
iteration is assumed i.e. the influence of a concept value on another
takes place in the space of one iteration. Longer time delays force
the Driver stage to consider values from iterations further into the
past, denoting an influence ‘‘lag’’.
The application applies the ‘‘Driver’’ and ‘‘Transfer’’ stages it-
eratively, until the concept network has converged and reached a
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Fig. 4. The Model Editor pane.
Fig. 5. The ‘‘Edit Concepts’’ popup window.
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Fig. 6. FCM Graph visualisation example (with weights, hierarchical layout).
Fig. 7. Map statistics popup window.
steady state, meaning that there is no change in concept values be-
tween iterations; or a user-definedmaximumnumber of iterations
has been reached.
Once the process has ended, the application displays the ‘‘Re-
sults’’ pane (Fig. 8). The ‘‘Results’’ pane contains a report on the
outcome of the simulation providing the state of the system at the
end of the simulation (convergence, cycle, or maximum iterations
reached), the iterations performed so far, the Driver function, and
the Transfer function used. It also features a comments section,
where users can enter arbitrary comments regarding this particu-
lar run; a plot of the values of all the concepts in the FCM from the
beginning to the end of the simulation; and a list of the concepts
and the final concept values. The concepts are colour-coded in a
similar way to the concepts plot. Some or all of the final values
can be used to re-initialise the model. At the top left, the ‘‘Results’’
pane provides a history of the simulations performed so far in
the session. This helps users compare simulation results e.g. after
changing the model parameters and structure. The user can click
on each of the simulations to populate the rest of the Results panel
with its outcomes and metadata. Additional functionality includes
deleting selected simulations from the list by selecting multiple
items from the history list and pressing the corresponding button,
generating the plot of a sub-graph containing all concepts with
non-zero starting and ending values, and exporting a set of selected
simulations in an excel spreadsheet containing the simulation
results.
4. Application in Greece
4.1. Context
In this section, three distinct policy mixes aimed at enhancing
energy efficiency in Greece are formulated, based on a set of eight
policy instruments and measures, drawn from the national energy
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Fig. 8. The ‘‘Results’’ pane.
Fig. 9. Identification and quantification of the policy mixes for the FCM exercise.
efficiency action plan [3] and the preferences of the involved stake-
holders in preliminary interviews. The policy mixes, comprising
these instruments activated at different levels, represent strategies
aimed at the residential, private and public sectors. Eight imple-
mentation risks that can potentially jeopardise the design, imple-
mentation and success of the policy measures are retrieved from
the literature [44], based on which five socio-economic scenarios
are formulated. During a stakeholder engagement session, in a
workshop held in Athens and aimed at policymakers and other
stakeholders, the FCMmodel is designed and the weights and time
delays of the identified causal interconnections are elicited. Finally,
the model is stress-tested against each scenario and for all three
policy strategies, using the ESQAPE software application, in the
aim of ranking the strategies from the stakeholders’ perspective,
also considering the robustness of each one against the different
scenarios.
4.2. Policy mixes
Drawing from the latest NEEAP focusing on near-term energy
efficiency measures, the following long-term policy instruments
are selected.
P1. Financial incentives for the residential sector: The objec-
tive of this instrument is to provide owners of houses and blocks
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of flats or apartments with financial support on taking energy
upgrade actions, and obtaining energy performance certificates
(EPCs). This specific mechanism provides its beneficiaries with
financial support through fractional subsidisation combined with
loans from a contracting financial institution. The selection crite-
ria regard initial state and energy category and the beneficiary’s
income. The supported actions must lead to specific measurable
energy improvements of the residency, and usually include im-
provements to the fabric, the heating/cooling systems and hot
water systems.
P2. Energy efficiency and demonstration projects in small
and medium enterprises (SMEs): Targeted at SMEs, this instru-
ment aims to achieve energy upgrades in private sector buildings.
Proposed actions include upgrading the fabric of the building,
electric/mechanical equipment and installations and lighting; and
implementing energy management systems. As with P1, it pro-
vides financing through fractional subsidisation, the percentage of
which however depends on the location of the beneficiary SME and
the identified required actions.
P3. ISO 50001 energy management system in the public sec-
tor: This policy provides for financial support to broader public-
sector entities in the aim of implementing a building energy man-
agement system (BEMS), based on the international ISO 50001
standard.
P4. Incentives for upgrading commercial buildings through
energy service companies (ESCOs): This measure aims at fur-
ther developing the market of ESCOs through energy efficiency-
oriented contracts, by cultivating an advantageous context for
lending respective funds through subsidised interest rates or the
provision of collateral. It also seeks to mobilise energy improve-
ment actions for professional use buildings, in which case the
loan is gradually paid off through the achieved energy savings and
according to the specifications of the contract.
P5. Funding large-scale deployment of smart metering sys-
tems: This policy provides for the wide-scale replacement of the
existing metering systems in the electricity distribution network.
It aims to achieve active participation of consumers in the energy
market as well as cheap and efficient energy management.
P6. Offset of fines on illegal buildings with energy upgrades:
This measure allows the possibility of offsetting costs for services,
tasks and materials used for the energy upgrade of residential
buildings, with up to 50% of the amount corresponding to fines for
illegal construction.
P7. Implementation of the 2015 NEEAP (energy managers):
This policy dictates that energy managers’ duties be strictly de-
fined in public buildings, as defined in Ministerial Decision No.
D6/B/14826/2008, as well as through the implementation of the
energy efficiency plans formunicipal buildings according to Article
7, paragraph 12 of Law 4342/2015.
P8. Funding the replacement of old public and private light
trucks:This instrument falls into thewider scope of actions regard-
ing providingmotives for the replacement of old or technologically
outdated light vehicles, in both the public and the private sector.
Motives vary depending on the category of the replaced vehicle.
Based on discussions with stakeholders and captured percep-
tions of preliminary budget and technical restrictions, following
the selection of these eight policy instruments, three distinct policy
mixes were constructed, each one representing a different focal
point, among the residential (or behavioural change), the private
and the public sectors. For the purposes of the FCM parameteri-
sation and considering the maximum budget to allocate to each,
values in [0, 1] were used to indicate the level of activation of each
policy instrument (Fig. 9).
4.3. Socio-economic scenarios
Eight exogenous risks potentially hindering the success of the
overall policy framework are retrieved from the literature [44]:




R4. Demanding regulatory framework in relation to market
maturity
R5. Inadequate banking sector
R6. Social opposition
R7. Inexperienced personnel — poor technical skills
R8. Poor market conditions (economic crisis)
In order to formulate long-term socio-economic scenarios rel-
evant to energy and climate policy, based on these risks, the ex-
pected challenges across the mitigation and adaptation axes as
described in the Shared Socio-economic Pathways (SSP) frame-
work were used for reference. Drawing from the detailed descrip-
tion of the socio-economic factors comprising the five SSPs [45],
five scenarios in which risks were quantified in [0, 1] for the
FCM process were formulated: Sustainability (low mitigation and
adaptation challenges);Middle of the road (intermediatemitigation
and adaptation challenges); Regional rivalry (high mitigation and
adaptation challenges); Inequality (lowmitigation, high adaptation
challenges); and Fossil-fuelled development (high mitigation, low
adaptation challenges). The quantification of the risks for each
scenario are displayed in the following radar chart (Fig. 10).
It should be noted that, given the quasi-quantitative nature of
the FCMmethodology, there is no exact linking of the SSP datasets
and the scenarios formulated for the purposes of this study, but
rather a qualitative assessment of the description of the five SSPs.
4.4. FCM design
Designing a cognitive map from scratch is a challenging task,
especially when multiple views must be taken into account and
stakeholder input for a number of different design dimensions is
required. In order to formalise the process and elicit the infor-
mation in a structured manner that does not wear experts out,
the design framework is broken down into simple steps, each
one accommodated in a different stage of the stakeholder en-
gagement workshop, held in Athens with seven stakeholders, in
October 2017. At first, stakeholders were provided with eight sub-
components of the envisaged map, each one featuring a policy
node and the final node (Fig. 11a), upon which they were asked to
cooperate and design the necessary concepts that causally link the
policy nodes with the end goal (Fig. 11b). After carrying this task
out for all eight policy instruments, stakeholders were provided
a list of all implementation risks and a second list of all other
concepts identified in the previous stage (i.e. all map concepts
excluding the policy nodes), and were asked to cooperate and
causally link each risk with the concepts perceived to be directly
impacted by it. Each implementation risk node was then added to
each of the sub-components containing concepts directly impacted
by it (Fig. 11c).
In the subsequent intermission, two identical matrices based
on the designed sub-components altogether comprising the global
FCM were created and printed out, in which the cells representing
a causal link from the row concept to the column concept were
left blank and all others were greyed out. In the final stage, each
stakeholder was provided with a copy of the two matrices and
asked to individually fill in the tables, one to assess the causal link
using linguistic terms in the scale {negatively absolute, negatively
very strong, negatively strong, negatively medium, negatively weak,
negatively very weak, zero, positively very weak, positively weak,
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Fig. 10. Identification and quantification of the socio-economic risk scenarios for the FCM exercise.
positively medium, positively strong, positively very strong, positively
absolute}; and another one to assess the time delay of each causal
relationship using linguistic terms in the scale {normal, slow, very
slow}. After gathering the information, all individual stakeholder
input was transformed into numerical values, using the scales
{−1, −0.833, −0.667, −0.5, −0.333, −0.167, 0, 0.167, 0.333, 0.5,
0.667, 0.833, 1} and {1, 2, 3} respectively (for example, Fig. 12), and
average values for each link were calculated.
4.5. Simulation results and discussion
Using ESQAPE, the model was simulated with the ‘‘A = A +
A*W’’ activation function and the hyperbolic tangent threshold
function, for all three policy mixes and all five socioeconomic
scenarios (a total of fifteen simulations). The aggregate results can
be seen in Fig. 13, fromwhich it is evident that, for optimistic future
socioeconomic developments (Sustainability scenario), focusing on
the residential sector and behavioural change appears to be the
most promising pathway, from the involved stakeholders’ perspec-
tive. The same can be observed when challenges for adaptation
remain low but socioeconomic difficulties in mitigating climate
change rise (Fossil-fuelled development scenario). This, however, is
not the case forworse future socioeconomic trajectories, in respect
to climate change-related challenges; this is especially true for
challenges across the adaptation axis. In these cases (Middle of
the road and Inequality scenarios), focusing on the public sector
appears to be the most robust policy mix, although for the most
challenging (Regional rivalry) scenario, all three policy mixes are
perceived to be equally effective, with a focus on the private sector
slightly standing out. It should be noted that, given the quasi-
quantitative nature of the FCM framework and the use of threshold
functions, results should not be quantitatively interpreted and are
only meaningful in a comparative assessment.
Breaking down the results for each scenario and given the con-
sideration of the time dimension through time delays in ESQAPE,
the short- and long-term expectations of each policy mix can be
appreciated. For example, in the intermediate challenges scenario,
the otherwise (i.e. for optimistic future developments) prominent
behavioural change policy mix is steadily outperformed, while a
focus on the public sector only at a later stage manages to rank
better than the private sector policy mix (Fig. 14). Translating this
in a perspective that considers the time dimension, stakeholders
appear to believe that in a challenges-wise intermediate scenario
incentivising the uptake of energy efficiency measures in the pri-
vate sector would have a better impact in the short- to mid-term,
but a focus on the public sector would prove more beneficial in
the longer run. In the Fossil-fuelled development scenario, the
residential sector-oriented policy mix has a slow start and only
later does it manage to outperform all other strategies (Fig. 15).
In order to better understand the effect of the consideration
of time delays in the FCM process, the model was simulated for
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Fig. 11. Designing the FCM sub-component for P8. Offset of fines on illegal buildings with energy upgrades: (a) for each pair of policy-end goal; (b) stakeholders design all
concepts that lie between the policy and the end goal; (c) and then risks that directly impact the featured concepts are added.
the Sustainability scenario, with (Fig. 16a) and without (Fig. 16b)
considering time delays. As Nikas and Doukas [31] note, time
delays do not have an impact on the values of the converging state
of the simulated mode, unless a set of delays force the system to
converge at an earlier stage compared to traditional simulation
techniques that disregard the time dimension, thus leading to
different simulation results. However, different conclusions can
be qualitatively drawn with regard to the progress of the policy
impacts, again on a comparative basis. According to the involved
stakeholders’ perceptions, and although focusing on the residential
sector and behavioural change highly outperforms the other two
policy strategies, the private sector policy mix appears to be more
robust compared to the public sector mix, when considering time
delays. In fact, its performance appears to be bound between the
performances of the two other policy mixes. This is not the case
if the time dimension is disregarded in ESQAPE, in which the
public sector strategy outperforms the one focusing on the private
sector somewhere in the middle of the simulation. This finding
would have been interpreted as the public sector policy mix being
more beneficial than the private sector strategy in the mid-term,
contrary to their overall impacts in the long run. Considering time
delays also shows that the optimal policy mix, i.e. focusing on
behavioural change, is perceived to start gaining on both other
policy mixes sooner than it would show if time was disregarded.
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Fig. 12. Fully designed and quantified sub-component of the global FCM, regarding the implementation of P4. Installation of the ISO 50001 energy management system in
the public sector.
Fig. 13. Final values of the ‘‘energy efficiency’’ node for all three policy mixes, across all five scenarios, after system convergence.
5. Conclusions
In this study, a software application for designing, analysing,
simulating and visualising complex FCMs, ESQAPE, is developed
and presented. Using stakeholder knowledge and fuzzy cognitive
mapping, energy efficiency policy strategies, comprising different
measures proposed in the national energy efficiency action plan
of Greece, are assessed and evaluated from the stakeholders’ per-
spective. In order to consider potential risks hindering the effective
implementation of the policy framework, scenarios oriented on the
description of the relevant socioeconomic factors composing the
SSPs are formulated and used to drive the FCM simulations.
The first and most significant contribution of this study to soft
computing lies in the application of FCMs to a domain, so far
overlooked by previous research. Past studies have either focused
on other application domains (e.g. electricity planning, renewable
energy, transportation, or environmental policy), or were very
limited in scope. As such, this is the first soft computing application
targeting the domain of energy efficiency policy design and evalu-
ation using FCM methods. An additional implementation novelty
relevant to the application domain lies in the use of FCMs for
assessing policy mixes comprising multiple policy instruments,
instead of assessing individual policies, which is the common prac-
tice. Furthermore, to the best of the authors’ knowledge, no other
study in the related literature has linked the Shared Socioeconomic
Pathways framework [45] with FCMs, in order to identify and
quantify risk-related scenario drivers. Additionally, contrary to the
majority of relevant studies, the time dimension is also taken into
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Fig. 14. ‘‘Energy efficiency’’ node values until convergence, for the Middle of the road scenario.
Fig. 15. ‘‘Energy efficiency’’ node values until convergence, for the Fossil-fuelled development scenario.
account in order to additionally draw comparative conclusions
on the expected progress of the perceived impacts of each policy
strategy.
The results from this novel application indicate that the use of
fuzzy cognitive mapping (both in terms of the specific approach
and the application of FCMs in general) shows significant promise
for the design and evaluation of policy, from the policymakers’
and other stakeholders’ perspective. In this case, FCMs made it
possible to capture and distill the knowledge of the domain experts
to produce detailed and nuanced insights for enhancing energy
efficiency in Greece. The applied methodology showed that long-
termenergy efficiencymeasures focusing onbehavioural change in
the residential sector are perceived by the engaged experts to be
more sustainable than strategies targeting the private and public
sectors, in a socio-economically optimistic future. However, when
climate change mitigation and adaptation challenges are expected
to be higher, investing in the transition of the public building
and transportation sector appears to be more promising, from the
stakeholders’ point of view.
Additionally, the inclusion of timed interactions and cause–
effect relationships in the FCM models provided significant added
value. In the real world, interactions in a system as well as the
effects of policies are not instantaneous; there may be signifi-
cant latencies and delayed feedback processes. Modelling these
complex interactions provided an additional layer of realism and
allowed for the generation of plausible forecasts about the evolu-
tion and results of the proposed policy mixes. In the case study,
for instance, focusing on the historical patterns-inspired Middle
of the road scenario that features intermediate challenges across
both themitigation and the adaptation axis, public sector-oriented
interventions appear to have a very slow start but eventually
outperform the other two strategies. The significance of modelling
timed cause-and-effect relationships becomes evident when eval-
uating the same scenario under a less realistic ‘‘instantaneous’’
model versus amore pragmatic ‘‘temporal’’ model. The application
study showed that the differences between the two approaches are
not trivial. For instance, in the optimistic Sustainability scenario,
policy instruments targeting private sector buildings and vehicles,
although outranked by strategies targeting the residential sector,
appear to be more robust, in comparison to an identical scenario
that disregards the time effect.
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Fig. 16. ‘‘Energy efficiency’’ node values until convergence, for the Sustainability scenario, (a) without time delays, and (b) with time delays.
The secondmajor contribution and implementation innovation
of the study lies in the specifications and capabilities of the tool de-
veloped, presented and used in the case study application. Previous
studies in the broader domain of energy, environment and climate
have used a wide variety of FCM-oriented systems. These include
FCMapper [46,47], R implementations [48,49],MentalModeler [39,
50], and other software solutions [e.g. 51–54]. So far, very few
researchers in these domains have usedMATLAB as the implemen-
tation platform [e.g. 55,56]. The use of MATLAB facilitated the de-
velopment of a customised application-specific and user-friendly
interface, as well as of multiple input–output pathways with the
flexibility to import and export different file types for storing and
visualising FCM structure and data. It also allowed us to include
enhanced visualisation options, with both built-in capabilities and
the capability to export standardised graph modelling language
files, and user-interaction elements around a solid, FCM-based
computational simulation core. This confirms that the platform
can provide flexibility in the design and development of custom
decision support systems based on FCMs.
Limitations and potential avenues for further research can be
organised in twomajor dimensions:methodological and technical.
On the methodological side, it is important to note that the results
of this study should be interpreted in consideration of the qual-
itative dimension of the FCM methodology. FCMs should not be
used as a direct replacement for quantitative systems modelling
and respective analyses. Ideally, FCM approaches should be used
in conjunction with quantitative techniques. For this reason, the
proposed framework and outcomes can prospectively be coupled
with other scientific approaches, and at different stages of inte-
grative processes, in order to provide policymakers with effective
and inclusive decision support as well as authoritative, legitimate
and trustworthy results. For example, Van Vliet et al. [57] and
Mallampalli et al. [58] used FCMs as a communication and learning
tool in order to bridge stakeholders and modellers and properly
informmodelling exerciseswith scenario narratives in a structured
manner; while Anezakis et al. [59] used scenarios from a climate
model to analyse the factors contributing to air pollution bymeans
of FCM simulations.
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On the technical side, additional improvements to the ESQAPE
tool can be explored. Aside from the exploited advantages of un-
bound freedom of structure, FCMs also feature a major limitation:
in order to keep the map visually meaningful and productive, the
literature suggests that no more than thirty concepts be included
in the FCM model [60]. Although ESQAPE does allow for simu-
lations of any map, regardless of the size and complexity, map
visualisation currently relies solely on the capacity of third party
Graph Modelling Language editing applications, such as the yEd
editor, and the included visual optimisation algorithms. A future
version of ESQAPE should feature a built-in capacity to optimise the
structure of the FCM model, using a large number of optimisation
algorithms, enabling the user not only to simulate but also visually
supervise their model effectively. Finally, several technical en-
hancements have been identified, such as improved visualisation
and interaction elements, support for more file formats, as well as
performance upgrades.
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